ABSTRACT. The activation of sp2-and sp3-C-H bonds by 71-cyclopentadienyl tungsten derivatives is described. Evidence is presented for the reversible elimination of alpha-hydrogen from a tungsten-methyl system. Molybdena-and tungstena-cyclobutane derivatives have been synthesised and their photoinduced evolution of olefins has been investigated. Rules are given for predicting the selectivity of nucleophilic addition to 18-electron organotransition metal cations containing polyene ligands.
The net effect of the two 7j-C 5 H 5 1igands in compoundsof the class [M(71-C 5 H 5 )2Lnl• where L represents any Iigand, is to cause the metal d-mbitals to be higher in energy relative to the energies found on these metal atoms in most other common Iigand environments. That is to say, in these bent bis-7j-cyclopentadienyl complexes, the metal centre may be described as electron rich. Further, the two 71-cyclopentadienylligands are normally highly inert to inter-and intra-molecular reactions. They are also stereochemically compact so that there remains ample room on the meta I for the further coordination of two and up to three ligands of normal dimensions.
_ln this paper, we are concerned with four aspects of the chemistry of bis-7j-cyclopentadienyl molybdenum and tungsten compounds which we consider to have quite general relevance to .organotransition meta I chemistry.
I. THE ACTIVATION OF C-H BONDS BY 71-CYCLOPENTADIENYL-TUNGSTEN DERIVATIVES.
There is now a considerable body of evidence that the 16-electron molecule tungstenocene is able to undergo intermolecular insertions into sp2-and sp3 C-H bonds. Figure 1 illustrates synthetic route to the tungstenocene intermediate and some of its reactions with aromatic C-H bonds and other reactions. The products of irradiation of solutions of the dihydride [W(17-C 5 H 5 l2H2l. 1, in fluorobenzene or methylbenzoate show the tungstenocene to be unselective to normal directional effects in substituted benzenes and the isomeric products appear to be determined more by the steric effects of the substituents.
The reactivity of tungstenocene has been compared tothat of simple carbenes e.g. CH 2 . ( Refs. 1 & 4). This is exemplified strongly by the observation that tungstenocene is relatively unselective, even to attack on the sp3-and sp 2 -C-H bonds in toluene, as shown in Figure 2 . We were interested to try to compare the reactions of tungstenocene formed photochemically with those formed by a non-photochemical (i.e. thermal) process. We have found that the methylhydride derivative [W(17-C 5 H 5 l 2 MeH] 4, is stable at room temperature but it decomposes smoothly in solution at 50 -60° with evolution of methane and the implicit formation of tungstenocene in this reaction is strongly suggested by the thermal reactions of 4, shown in 
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The formation in this reaction of 7 strongly suggests that 6 and 5 can be intermediates in the formation of 2 and 3 in the photoinduced reactions shown in Figure 2 .
We can explain the differences between the photochemical and thermal products of tungstenocene reactions on the basis of the following two stage scheme (Ref. The Stage II must involve intermediates capable of undergoing insertion into sp3-C-H bonds and we envisage the possibilities shownon the next page:- 
~CH2
The proposed mechanism is shown in Figure 5 where k1~ k2 ~ k3 ( Ref 12 Irradiation of solutions of some of the metallocyclobutane compounds gives rise to high yields of olefins which have one carbon less than in the original metallocyclobutane ring. The data is given in A crucial step in the mechanism is the opening of the metallocyclobutane ring, giving the olefin-carbene systems. (Ref. 19) . lt is this equilibrium, namely:-which is thought to be the key step in olefin metathesis catalysis and our Observations on the above metallocyclobutane compounds strongly support this proposal.
SUMMARY OF PARTS I, II & II I.
On the basis of the above observations, we have proposed that bis-cyclopentadienyl tungsten derivatives can undergo three simple processes: (a) Reversibleinsertionsinto saturated sp3 C-H bonds:- 15, 16 & 20) . suggests that these three processes may occur in widely differing compounds so that they aregeneraland characteristic properties of suitable transition meta I centres.
Combinations of these three processes give rise to exciting new mechanisms not hitherto thought to be likely. For example, the following scheme for polymerisation of propylene, giving stereo-regular polymers can be written, which is consistent with known data.
H / M-C-P \Me etc.
P represents polymer chain. A.mechanism for vicinal interchange rearrangements in the biochemical catalysis by coenzyme B-12 has been proposed involving reversible insertions into sp3 C-H bonds and reversible a-elimination of hydrogen. (Ref. 21) .
. ln this context, we note that the biochemical oxidation of alkanes and other C-H systems e.g. of octane to octanol by a P450 cytochrome (Ref 22) , may proceed by initial insertion of the transition metal centre into the C-H bond, followed by insertion of oxygen into the metal-alkyl bond. lt is normally suggested that oxidation proceeds via oxygen attack from a metal-activated oxygen system on the unactivated C-H bond. respectively, where N is the nucleophile. lt was surprising Observations such as these that led us to inquire into the factors responsible for regiospecificity of nucleophilic addition to organametallic cations containing polyene ligands.
We have arrived at three simple rules for predicting the kinetically controlled products of such additions. The Table 2 illustrates the site of nucleophilic attack in representative 18-electron cations, which do not contain carbonyl ligands. ln all cases, the product observed is that predicted by the above rules. Example (9) illustrates the need to apply the rules sequentially. The rules also account for the very different products obtained from the successive addition of 2 moles of nucleophiles to the di-cations (12) and (13). 
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--(""") 2-+C"l- These rules also apply to polyene-transition meta! cations which contain carbonyl ligands. However, the position is more complicated since nucleophilic addition may occur both on the polyene ring or to the carbonyl Iigand. When the addition is likely to be irreversible (i.e. is kinetically controlled), the rules apply weil. Nucleophiles which normally add irreversibly include alkyl and aryl anions. Nucleophiles such as NH 3 , RNH 2 , NCS, NCO, N 3 and OMe, may add reversibly, in which case the products may reflect thermodynamic control. A detailed discussion of these rules will be presented elsewhere (Ref. 24 ).
